INTRODUCTION
In the last decade a broad knowledge of dynamics of wall turbulence in water flow has been obtained through development of a hot-film anemometer or a hydrogen-bubble method.
One of the headmost studies in this field was done by a group of Stanford University1) under the direction of Kline who looked for the mechanism of turbulence production by means of flow visualization with the hydrogen-bubble method. Several experimental works done by use of both flow visualization and point measurements have recently brought to light turbulence characteristics of the shear flow, with aid of improved methods of data analysis.
Turbulence measurments of open-channel shear flow over a smooth or rough bed were vigorously done by Raichlen2), McQuivey et al.3), Ishii et a1.4) and Imamoto5) by making use of singlesensor hot-film anemometer.
It is very interesting in practice to investigate how the structure of turbulence would be influ- A DISA type 55A89 dual-sensor hot-film anemometer was used to measure the spatial components of instantaneous velocities in a major portion of the flow, and in a part close to the wall a single-sensor hot-film anemometer of DISA type 55A83 was used to supplement the data. the digital quantities and then analyzed in a statistical way by using a large electronic computer, Data Processing Center, Kyoto University. For certain reasons of spectrum analysis, 2,100 samples with 0.01 sec. time interval for each record were mainly chosen.
EXPERIMENTAL RESULTS
( 1 ) The Mean Velocity Distribution and the Friction Velocity Let x, y and z be the longitudinal coordinate in the flow direction, the vertical coordinate to the wall (y =0 corresponds to the wall), and the spanwise coordinate parallel to the wall, respectively. U, V and W denote the components of the mean velocity, u, v and w the components of velocity fluctuation, and u', v' and w' the values of rms amplitude. Now, in order to measure the mean velocity U the preliminary test was conducted by making use of Pitot tube and it was shown that the flow along the center line of the channel was nearly two-dimensional, normal and fully-developed turbulent. The velocity distribution of the mean flow over a smooth bed agrees well with Nikuradse's curve26), while for the flow over a rough bed an origin of the y-axis needs to be shifted to a point ks/4 below the top of the sphere so as to get agreement with Nikuradse's curve. The friction velocity U* for each run obtained by putting the plotted data on Nikuradse's curve is compared with the values given by U4',= A/ghS (S: bed slope) in Table 1 , and both values show a good agreement.
( 2 ) The Distribution of Turbulence Intensity
In Fig. 1 the dimensionless distributions of turbulence intensities u', v', w' and of turbulent energy q2/2 (where, q2=u'2+ v'2+ w") for the flow over a smooth bed are shown together with Laufer's data on turbulent flow in closed channel7). As to u'/ U* the authors' data agree well with Laufer's curve and indicate the maximum value 2.8 at y+ (= y (4/1)=15 as Schubauero certified for the inner layer in the boundary-layer and pipe flows. The values of w'/ U* near the wall and of v'/ U* near the free surface deviate from Laufer's results.
Because the fluid motion in y-direction is restrained by free surface, v' near the free surface may become smaller than that in pipe flow. All of the test on both smooth and rough beds show the fact that u'> w'> v'. Because this relationship can be derived from the turbulent energy budget9) and turbulent eddy model10), too, it must be applicable to any kinds of wall turbulence.
The turbulent flow over a rough bed showed nearly same characteristics of turbulence intensity as those over a smooth bed".
However, as the effect of roughness appears with increase of k+s (=ksU*/v), the variation of turbulence intensities near the wall becomes flatter, while at the point far away from the wall, the intensities are independent of roughness. Grass12) and Chen et al. 13) found the similar characteristics that turbulence intensity u'/ U* in the wall region gradually decreased with enlargement of let. The observed data of u', v' and w' in the wall region are compared for some kinds of roughness in Fig. 2 . The values of u'/U* gradually decrease with increase of 14, but vi/ U* and w'/ U* are hardly influenced by size of roughness element. u' has a direct relation to large-scale eddies which dominate the turbulence production").
Though the turbulence production in the flow over a smooth bed occurs mostly in a buff erlayer of y+=10-30 by burst or sweep due to the flow instability1), a buffer-layer over a rough bed disappears perfectly or partly into roughness elements and consequently, turbulence would be produced in another way. A poor dependence of v'/ U* and w'/U* on roughness may be due to their little contribution to turbulence production, so that both v' and w' change monotonously with y+ while u' shows the maximum value. On considering that turbulence intensity near the wall can be represented by an universal function of y+ as described by Monin et al.14) , it is questionable that only the values of w' are so variable according to Re in Fig. 2 and so Laufer's data may be unreliable.
This might cause the difference among the values of w' in Fig. 1 , but the details should be discussed further. The observed values of dimensionless Reynolds stress -WU); are plotted in Fig. 3 The observed data nearly satisfy Eq.
( 1 ) except a region close to the wall. However, according to Antonia et al.15 ) the measurement of Reynolds stress in the neighborhood of wall shows lower accuracy than the one of turbulence intensity, and it is affected by the velocity gradient and the non-uniformity of calibration factors.
Then, more accurate data are needed to discuss further.
( 4 ) Spectrum Distribution
At present the space spectra can be estimated only by applying Taylor's hypothesis of the frozen turbulence to the time spectra obtained by direct measurement. Because this hypothesis is fairly reasonable in the range kLx>1 where wave number k is much larger than a reciprocal of the mean eddy size Lx as indicated by Lin16), the time spectrum obtained by F.F.T. method was transformed into the space power spectrum on the basis of Taylor's hypothesis, and then it was normalized into the onedimensional wave spectrum S(k) by dividing by its turbulence intensity.
In this case S(k) satisfies the following:
where kco is the maximum wave number possible to be analyzed.
By the fact that the observed space spectra nearly satisfy Eq. ( 2 ) within a few percentages of the error, it can be concluded that S(k) estimated above gives a fairly reasonable expression. Data of S(k) for different sampling intervals observed at a definite point over a smooth bed are plotted in Fig. 4 , and the similar tendency of S(k) against k has been certified for other measuring points.
For turbulent flow over a rough bed S(k) has shown nearly same distribution as over a smooth bed. Now, it is still debatable whether turbulence 
Refering to Fig. 5 and Eq. ( 4 ) the viscous subrange may be divided into two stages: one is the initial stage of a large dissipation scale at which the -3 power law of Su(k) is applicable") and another is the final stage of a small dissipation scale at which the -7 power law is valid"). 
The above results are summarized in Table 2 , together with the formula interpolated between two ranges.
Although a definite inertial range cannot be appreciated on account of relatively small values of R* in authors' tests, Bradshow20) has pointed out that Eq. ( 6 ) is approximately valid even when range (c) overlaps with a part of range (a) or (b) if the interaction with each range is feeble. In fact a range where the -5/3 power law is valid has been recognized here as shown in Fig. 4 .
Presence of the productive and viscous subranges as indicated in Table 2 is certified by Fig. 4 , though the latter may be doubtful because of poor analytical capacity of the measuring devices. Since Su(k) in productive and inertial ranges contributes mainly to turbulence intensity, the interpolated formula by Karman may be available in these ranges:
Eq. ( 7 ) agrees fairly well with the observed data in both ranges (Fig. 4) .
As to S(k) of v'2 and w'2 (S(k) and Sw(k)) both indicate almost same characteristics, which agree well with Laufer's experimental results. Since v' and w' do not directly contribute to turbulence production as previously mentioned, the productive range of these components will be so scarcely expected that S(k) for a largescale eddy shows more gradual variation with k and may be the peak in this .range due to aliasing effect9). S(k) for a small-scale eddy computed by introducing a relation") of isotropic turbulence into equations in Table 2 is given by a dotted line in Fig. 4 . Isotropy can be recognized in the viscous subrange.
( 5 ) Dissipation of Turbulent Energy
The dissipation rate of turbulence is an essential quantity for dynamics of turbulence.
The dissipation of energy E is represented by Eq. ( 3 ), but most of the terms cannot be measured by convenient means. Thus E should be evaluated by using the isotropic relation more or less.
Since the small-scale structure of turbulence is approximated to be isotropic, the dissipation rate is given7) by ( 8 ) be evaluated from the spectrum given by
Eq. ( 4 ) or the probability distribution of au/ax or the zero-crossing method on the assumption that u and au/ax have normal distributions24).
The vertical distributions of Ax on a smooth bed obtained by these methods are shown in Fig. 6 , together with other researchers' data. In spite of dependence of A. upon R*, Axlh tends to become smaller toward the free surface and the wall, and its mean value is of order of 0.1. Since it is recognized from Fig. 5 that the spectral method may give the most reliable results, obtained by this method is adopted here. Now, when Ay and A are computed from such relations as 42= k2Sv(k)dk12 and then the isotropic approximation is applied to Eq. ( 3 ), the dissipation rate may be written as ( 9 ) Even supposing Eq. ( 9 ) affords more accurate value of E than Eq. ( 8 ), the results are subject to the effects of noise in higher frequency range and of the uncertainty of the isotropic assumption.
If an inertial subrange for Su(k) exists, Eq. ( 6 ) should be used to obtain the dissipation rate, as indicated by Grant et al.22) and Lawn23). Referring to Bradshaw's study20), the universal constant C in Eq. ( 6 ) is expected to be about 0.5 even at comparatively small Reynolds numbers at which authors' experiment has conducted. The estimating error of E by making use of 
The experimental values of turbulence production are compared with Eq. (10) for smooth and rough beds in Fig. 10 (a) and (b) , respectively. A good agreement between the observed values and the theoretical ones can be shown for small range of R*, not depending upon the property of the wall.
The transport rate of kinetic energy T is defined as ( 11 ) With increase of the roughness size the variation of q2v/2 U3* becomes slower and its peak appears further away from the wall, taking smaller value. This tendency can be inferred from the fact that the kinetic energy of the flow over a smooth bed varies more rapidly with e than that over a rough bed11) . However, for e larger than 0.6 the turbulence transport is hardly influenced by the scale of roughness.
Anyway, the transport rate which contains the triple correlations of fluctuating velocity ought to be discussed on the basis of the measurements with the higher accuracy.
As long as the observed data presented by authors are not of the highest order of accuracy, the conclusion described above should be appreciated only qualitatively.
( 7 ) The Turbulent Energy Budget It was pointed out at early stage of turbulence research that the turbulent energy budget should be clarified in order to argue the structure of turbulence25).
The equation of turbulent energy in a two-dimensional turbulent shear flow can be written, provided that the Reynolds number of the flow is very large and the work done by the viscosity can be neglected, by ( 12 ) (a) Turbulent energy budget over smooth bed.
(b) Turbulent energy budget over rough bed.
On considering the sign of R, the pressure energy is transported toward the wall in opposition to the kinetic energy, resulting in disturbances in a viscous sublayer.
As to the turbulent flow over a rough bed the point which the kinetic energy changes from a loss to a gain, that is T=0, shifts further away from the wall and the pressure transport to balance to the kinetic energy transport also occurs in wider range with increase of the roughness as shown in Fig. 10 (b) . The turbulence transport as well as turbulence intensity u' and kinetic energy q2/2 may be influenced by the roughness scale, as mentioned previously. As already expected, the turbulence production indicates almost same characteristics as the turbulence dissipation and both of them balance nearly in the whole depth except in the neighbourhood of water surface, regardless of properties of the wall. This relationship between P and E for each run is shown in Fig. 11 , and it can be concluded that an equilibrium state of turbulence under which Pc appears in longer distance from the wall as the wall boundary becomes rougher.
INVESTIGATION INTO VELOCITY DISTRIBUTIONS OF MEAN MOTION
( 1 ) Division of Turbulent Flow Field As pointed out by Tennekes et al.9) , there is an evident similarity between the spatial and At very large Reynolds number the spectral space (wave number space) is divided into three subranges as shown in Fig. 12 (a) and the corresponding spatial structure is shown in Fig. 12 (b) . Because the turbulent energy produced in inner layer is larger than the dissipation rate, the excess energy is transported toward an upper layer. In outer layer corresponding to a viscous subrange the production hardly occurs and the dissipation is cancelled by the energy transport from an inner layer. Between both layers there exists inertial layer in which the production rate is nearly equal to the dissipation, and it corresponds to an inertial subrange in the spectral space.
The above mentioned means that there exists a qualitative similarity between the spatial and spectral structures.
Their quantitative structures are obviously to be different each other. Especially, since the wave number k has a reciprocal relation to the distance y, the length scales in both spaces have a quite inverse relation in size.
Such a division of turbulent flow field in openchannel is shown in Fig. 13 pointed out that the mean eddy size decreased with enlargement of roughness element. It may be caused that the large-scale eddies near the wall are forced by the roughness elements to break up into a wake.
Validity of Eq. (13) is examined in comparison with the experimental values in Fig. 15 , and it is rather surprising that the observed values fairly agree with Eq. (13) on considering the low accuracy of measurement of Lx. From this result it can be concluded that the spectral distribution in the productive and the inertial subranges satisfies Karman's equation given by Eq. ( 7 ) and that analysis of the measurements has remarkably high accuracy.
Well, taking account of Eq. (13) as a basic relation in turbulence and of existence of three regions, the turbulence characteristics and the mean velocity distribution in each region are discussed below from a viewpoint of turbulent energy budget. ( 14 ) where A1 is an universal constant. The experimental values of the mean eddy size in the wall region Lx are plotted in Fig. 17 and can be approximately represented by ( 15 ) where A2 obviously depends upon the type of the wall so as to decrease with increase of roughness. Substitution of Eqs. (14) and (15) into Eq.
(13) yields ( 16 ) Though the values of A1 and A2 should be determined by a vast amount of measurements, A1 becomes about 1.85, A2 about 31 for run A (smooth), and A2 about 20 for run C (rough), and consequently As becomes about 4.4 and 3.8 for smooth and rough beds, respectively, within authors' experiments.
As shown in Fig. 2 (a) the curves representing Eq. (16) may coincide well with the experimental values for y+>30. When an eddy scale decreases with increase of the roughness size, u'/ U* tends to decrease due to redistribution of turbulent energy, and isotropic tendency develops as mentioned previously.
Next, by introducing a mixing length l+be-tween two large-scale eddies, the following relation will be obtained: ( 17 ) Since Prandtl's hypothesis that the mixing length for an eddy scale of order L+x is proportional to y+ may be valid in this region, the mean velocity can be represented as, by combining Eqs. (16) and (17), (18) On the other hand, for 30< y+<100 u' /U* can be regarded to be nearly constant as shown in Fig.  2 (a) and consequently the equation of the mean velocity becomes ( 19 ) From the velocity gradient of Eqs. (18) and (19) , and so A4 is nearly an universal constant. But, it is understood that the value of A5 as well as A6 should be a function of the roughness which must be determined from many experiments as done by Nikuradsem. Now, substituting K=0.4, A4=28.4, A5=1.06 and A6=5.5 for smooth bed into Eqs. (18) and (19) , the theoretical distribution curves are shown in Fig. 18 together with the experimental values. A fairly good agreement between the theoretical formulae and the observed values has been obtained, and Eqs. (18) and (19) ( 21 ) This is shown in Fig. 19 and has a good agreement with the observed values for 0<e'<0.5. 
Eq. (25) for C1=3.0 is shown in Fig. 8 (31) and (32) weighted with a ratio of 2 to -1, it may be supposed that this region overlaps to some extent with the wall region. When C1 is equal to 3.0 as given by this experiment, becomes 0.33 which is nearly 0.4. Eqs. (30), (31) and (32) are shown in Fig. 20 . As expected, Eq. (30) coincides well with Eq. (31) based on Karman's hypothesis but becomes smaller than the observed values. This is because the boundary condition in Eq. (30) has been given at e=1. Now, Eq. (30) agrees with them fairly well when the curve is connected smoothly with Eq. (24) . However, the differences among all of the theoretical mean velocity are below U. that is of the same order of turbulence intensity.
For the practical purposes any of distribution curves will be able to be used in the whole range except very close to the wall.
CONCLUSION
In this paper turbulence measurements in open channel shear flow by making use of a singleand a dual-sensor hot-film anemometers have been described.
The effects of bed roughness on structures of wall turbulence have been mainly investigated by keeping Reynolds number and Froude number nearly constant.
It has been recognized that the mean eddy size and the intensity u' decrease with increase of roughness, and consequently it is inferred that redistribution of turbulent energy in the flow over a rough bed may develop more rapidly than over a smooth one, so as to approach to isotropic state.
The flow field has been divided into three regions on the basis of a close analogy between the wave number space and the turbulent flow field. Then, the velocity distributions of the mean flow in each region have been deduced from the viewpoint of turbulent energy budget and discussed in comparison with the existing formulae.
Although a lot of knowledge about turbulence in open channel flow have been obtained here, the dynamics of turbulence in the wall region which is the most complicated and interesting remains to be solved because of insufficient measurements, and it should be examined further together with the mechanism of turbulence generation. a graduate student of Kyoto University, for their kind helps in analyzing the data. presented to Kyoto University, 1971 (in Japanese). 6) Nakagawa, H., Nezu, I. and Ueda, H.: Turbulence measurements in pipe flow by a
